The levels of kynurenic acid (KYNA), an astrocytederived metabolite of the branched kynurenine pathway (KP) of tryptophan degradation and antagonist of a7 nicotinic acetylcholine and N-methyl-D-aspartate receptors, are elevated in the prefrontal cortex (PFC) of individuals with schizophrenia (SZ). Because endogenous KYNA modulates extracellular glutamate and acetylcholine levels in the PFC, these increases may be pathophysiologically significant. Using brain tissue from SZ patients and matched controls, we now measured the activity of several KP enzymes (kynurenine 3-monooxygenase [KMO], kynureninase, 3-hydroxyanthranilic acid dioxygenase [3-HAO], quinolinic acid phosphoribosyltransferase [QPRT], and kynurenine aminotransferase II [KAT II]) in the PFC, ie, Brodmann areas (BA) 9 and 10. Compared with controls, the activities of KMO (in BA 9 and 10) and 3-HAO (in BA 9) were significantly reduced in SZ, though there were no significant differences between patients and controls in kynureninase, QPRT, and KAT II. In the same samples, we also confirmed the increase in the tissue levels of KYNA in SZ. As examined in rats treated chronically with the antipsychotic drug risperidone, the observed biochemical changes were not secondary to medication. A persistent reduction in KMO activity may have a particular bearing on pathology because it may signify a shift of KP metabolism toward enhanced KYNA synthesis. The present results further support the hypothesis that the normalization of cortical KP metabolism may constitute an effective new treatment strategy in SZ.
Introduction
Neuroanatomical, neurochemical, genetic, and functional studies have provided a large body of evidence linking the pathophysiology of schizophrenia (SZ) to dysfunction in the prefrontal cortex (PFC; see Gur et al , and Eisenberg and Berman 3 for recent reviews). These abnormalities are not only believed to play a critical role in psychosis but probably also account for the incapacitating cognitive deficits seen in patients, including poor memory and executive functions. [4] [5] [6] Most current thinking regarding the neurochemistry of cognitive impairment in SZ invokes distinct interdependent changes in major neurotransmitter systems within the PFC. Thus, while the precise nature and causes of the abnormalities are not well understood, and although there is an increased awareness of additional factors, [7] [8] [9] there is general consensus that changes in cholinergic and glutamatergic function are critically involved in the pathophysiology of SZ. 10, 11 Recent studies suggest that kynurenic acid (KYNA), a metabolite produced in a dead-end side arm of the kynurenine pathway (KP) of tryptophan degradation (figure 1), might also be involved in prefrontal dysfunctions in SZ. Present in the mammalian brain in low (rodents) to high (human) nanomolar concentrations, KYNA is an antagonist of two receptors that are closely linked to cognitive phenomena and psychosis, ie, the a7 nicotinic acetylcholine receptor (a7nAChR) 12 and the N-methyl-D-aspartate (NMDA) receptor. 13 By reducing the function of one or both of these receptors, increases in brain KYNA levels might therefore cause hyponicotinergic and hypoglutamatergic conditions. Acute, KYNA-induced blockade of a7nAChR, in particular, has been shown to have interesting downstream effects in the PFC, including decreases in the extracellular levels of glutamate.
14, 15 On a functional level, enhanced brain KYNA has been demonstrated to cause cognitive deficits in animals. [16] [17] [18] [19] Interestingly, reductions in brain KYNA levels lead to increases in the extracellular concentrations of glutamate and acetylcholine, indicating that endogenous KYNA might function as a bidirectional modulator of glutamatergic and nicotinergic neurotransmission. 14, 15, 20 Notably, this reduction in brain KYNA formation causes significant cognitive improvements, which can be demonstrated both in behavioral paradigms and using electrophysiological outcome measures. 21 Taken together, these findings underscore the need to understand the dynamics of the disposition and function of KYNA in the mammalian brain.
We reported previously that KYNA levels in the PFC are significantly elevated in individuals with SZ. 22 The present study constitutes a first effort to explore the cause(s) of these high KYNA levels. To this end, we used postmortem tissue samples from SZ patients and matched control subjects and determined the activities of several KP enzymes in two topographically defined key regions of the PFC, Brodmann areas (BA) 9 and 10. All enzymes selected, ie, kynurenine aminotransferase II (KAT II), kynurenine 3-monooxygenase (KMO), kynureninase, 3-hydroxyanthranilic acid dioxygenase (3-HAO), and quinolinic acid phosphoribosyltransferase (QPRT), act downstream of the pivotal KP metabolite kynurenine. These enzymes are located in two physically segregated arms of the pathway, producing KYNA in astrocytes and the free radical generators 3-hydroxykynurenine and 3-hydroxyanthranilic acid, as well as the excitotoxic NMDA receptor agonist quinolinic acid, in microglial cells 23 ( figure 1 ). Possibly signifying a shift toward enhanced KYNA formation, our results revealed significant reductions in enzyme activities in the microglial branch of the KP in the disease.
Methods

Chemicals
L-kynurenine (sulfate form; ''kynurenine''), DL-3-hydroxykynurenine, and KYNA were purchased from Sigma Chemical Co. (St Louis, Missouri). All other biochemicals and chemicals were ''reagent grade'' and were purchased from a variety of commercial suppliers. Risperidone (Risperdal; Janssen-Ortho) was obtained from Global Drugs Direct (Vancouver, British Columbia, Canada The diagnosis was based on information from clinical records and family members. The latter were interviewed by phone, using the Diagnostic Evaluation after Death 24 and an informant version of the Structured Clinical Interview. In cases where death was witnessed, the time between death and autopsy was taken as the postmortem interval (PMI). Otherwise, the PMI was defined as the time halfway between the brain donor being found dead and being last seen alive. Only cases with a PMI of less than 24 hours were used for this study.
Two regions of the cerebral cortex (BA 9 and BA 10) were dissected out, and the tissue was stored at À80°C prior to analysis. Brain samples were weighed while frozen and then homogenized (1:5, wt/vol) by sonication (Branson Ultrasonics Corp., Danbury, Connecticut) in ultrapure water. The tissue homogenate was then divided into aliquots for the determination of KYNA levels and KP enzyme activities. For each tissue preparation, all enzyme assays were performed on the same day.
Animals
Adult male Sprague-Dawley rats (200-250 g; Charles River Laboratories, Kingston, New York) were used to assess the effects of chronic risperidone treatment. The animals were group-housed in a temperature-controlled Association for Assessment and Accreditation of Laboratory Animal Care-approved animal facility at the University of Maryland School of Medicine and were kept on a 12/12-hour light/dark cycle with free access to food and water. Animals received daily intraperitoneal (i.p.) injections of risperidone (3 mg/kg body weight 25 ) at 4 PM. Vehicletreated rats served as controls. After 28 days, rats were deeply anesthetized with chloral hydrate (360 mg/kg, i.p.) and decapitated. Their frontal cortex was rapidly dissected out, frozen on dry ice, and stored at À80°C. After thawing, the tissue was processed for KYNA and enzyme analyses, as described below for human brain tissue.
KYNA Measurement
The original tissue homogenate was further diluted (1:1, vol/vol) with ultrapure water. Perchloric acid (6%; 50 ll for human and 25 ll for rat) was then added to 100 ll of the tissue preparation, and the precipitated proteins were removed by centrifugation (16000g, 15 min). Twenty microliters of the resulting supernatant were subjected to high-performance liquid chromatography (HPLC) analysis. KYNA was isocratically eluted from a 3-lm C 18 reverse-phase column (80 mm 3 4.6 mm; ESA, Chelmsford, Massachusetts), using a mobile phase containing 250mM zinc acetate, 50mM sodium acetate, and 5% acetonitrile (pH adjusted to 6.2 with glacial acetic acid), using a flow rate of 1.0 ml/minute. In the eluate, KYNA was quantitated fluorimetrically (excita- Enzyme Analyses KMO Activity. After diluting the original homogenate 1:10 (vol/vol) in 100mM Tris-HCl buffer (pH 8.1) containing 10mM KCl and 1mM EDTA, 100 ll of the tissue preparation were incubated for 40 minutes at 37°C in a solution containing 1 mM NADPH (nicotinamide adenine dinucleotide phosphate; reduced form), 3mM glucose-6-phosphate, 1 U/ml glucose-6-phosphate dehydrogenase, 100lM kynurenine, 10mM KCl, and 1mM EDTA in a total volume of 200 ll. For kinetic analyses, because of limited tissue availability, equal tissue aliquots were pooled from five individuals per group (controls and SZ). The pooled tissues were homogenized (1:25, wt/vol), and KMO activity was determined in the presence of 1-100lM kynurenine. The reaction was stopped by the addition of 50 ll of 6% perchloric acid. Blanks were obtained either by adding the tissue preparation at the end of the incubation, ie, prior to the denaturing acid, or by including the specific enzyme inhibitor Ro 61-8048 26 (100lM) in the incubation solution. After centrifugation (16000g, 15 min), 20 ll of the supernatant was applied to a 3-lm HPLC column (HR-80; 80 mm 3 4.6 mm; ESA), using a mobile phase consisting of 1.5% acetonitrile, 0.9% triethylamine, 0.59% phosphoric acid, 0.27mM EDTA, and 8.9mM sodium heptane sulfonic acid. In the eluate, the reaction product, 3-hydroxykynurenine, was detected electrochemically using either a Coulochem 5100A detector 27 (ESA; oxidation potential: þ0.2 V; flow rate: 1.0 ml/min) or an HTEC 500 detector (Eicom Corp., San Diego, California; oxidation potential: þ0.5 V; flow rate: 0.5 ml/min). Depending on theflowrate,theretentiontimeof3-hydroxykynureninevaried between 5.5 and 11 minutes.
KMO activity in rat brain was determined in an identical manner except that 80 ll of a 1:10 (wt/vol) homogenate were used in the assay.
Kynureninase Activity. The original tissue homogenate was further diluted (1:100, vol/vol) with 5mM Tris-HCl (pH 8.4) containing 10mM of 2-mercaptoethanol and 50lM pyridoxal-5#-phosphate. Eighty microliters of the tissue preparation were then incubated for 2 hours at 37°C in a solution containing 90mM Tris-HCl buffer (pH 8.4) and 4lM DL-3-hydroxykynurenine in a total volume of 200 ll. The reaction was terminated by adding 50 ll of 6% perchloric acid. To obtain blanks, tissue homogenate was added at the end of the incubation, ie, immediately prior to the denaturing acid. After centrifugation to remove the precipitate (16 000g, 15 min), 25 ll of the resulting supernatant was applied to a 5-lm C 18 reverse-phase HPLC column (Adsorbosil; 150 mm 3 4.6 mm; Grace, Deerfield, Illinois) using a mobile phase containing 100mM sodium acetate (pH 5.8) and 1% acetonitrile at a flow rate of 1.0 ml/ minute. In the eluate, the reaction product, 3-hydroxyanthranilic acid, was detected fluorimetrically (Perkin Elmer Series200) usingan excitationwavelength of 322 nm and an emission wavelength of 414 nm. The retention time of 3-hydroxyanthranilic acid was ;4 minutes.
3-HAO Activity
The original tissue homogenate was diluted (1:4, vol/vol) in 60mM 2-(N-morpholino)ethane sulfonic acid buffer, pH 6.0, and 100 ll of the tissue preparation were incubated for 1 hour at 37°C in a solution containing 153lM Fe(NH 4 ) 2 SO 4 , 0.01% ascorbic acid, and 3lM [1- 14 C]-3-hydroxyanthranilic acid (5 nCi) in a total volume of 200 ll. Blanks were obtained using heat-inactivated tissue. The reaction was terminated by the addition of 50 ll of 6% perchloric acid, and the resulting precipitate was removed by centrifugation (16 000g, 15 min). The supernatant, containing newly formed 14 Cquinolinic acid, was applied to a Dowex 50W (H þ -form) cation exchange column, and radioactivity in the eluate was quantitated by liquid scintillation spectrometry. 28 The same protocol was followed to measure 3-HAO activity in rat brain, using 100 ll of the original tissue homogenate (1:10, wt/vol).
QPRT Activity. Forty microliters of the original tissue homogenate were incubated for 2 hours at 37°C in a solution containing 50mM potassium phosphate buffer (pH 6.5), 10mM 2-mercaptoethanol, 1mM MgCl 2 , 1mM phosphoribosylpyrophosphate, and 20nM [ KAT II Activity. The original tissue homogenate was further diluted (1:1, vol/vol) in 5mM Tris-acetate buffer, pH 8.0, containing 10mM 2-mercaptoethanol and 50lM pyridoxal-5#-phosphate. Eighty microliters of this preparation were incubated for 20 hours at 37°C in a reaction mixture containing 150mM Tris-acetate buffer, pH 7.4, 2lM kynurenine, 0.79lM 3 H-kynurenine (23 nCi), 1mM pyruvate, and 80lM pyridoxal-5#-phosphate (total volume: 200 ll). 30, 31 Blanks were obtained using heat-inactivated tissue. The reaction was terminated by the addition of 20 ll of 50% (wt/vol) trichloroacetic acid and 1 ml of 0.1 M HCl, and the precipitated proteins were removed by centrifugation (16000g, 10 min). Newly produced 3 H-KYNA was then purified by cation exchange chromatography (Dowex 50W; H þ -form) and quantitated by liquid scintillation spectrometry as described. 31 
Protein Determination
The protein content of tissue samples was determined by the method of Lowry et al 32 using bovine serum albumin as a standard.
Data Analysis
Data from controls and SZ patients were compared using SAS PROC MIXED to fit a mixed model for repeat measures ANCOVA, using the model: analyte = age þ brain region (BA 9 or BA 10) þ diagnosis (control or SZ) þ diagnosis 3 brain region, where the repeated factor was multiple samples from two regions of the same brain. Post hoc contrasts from this model were used to estimate age-adjusted differences between groups for each brain region.
Differences in the distribution of analytes were compared between individuals with SZ who were on and off antipsychotic medication using the Wilcoxon statistic, with P-values calculated by the exact (permutation) method, as implemented in SAS PROC NPAR1WAY.
Data obtained in control and risperidone-treated rats were compared using Student t test.
Results
Demographics
Age, sex, PMI, subtype of SZ, and antipsychotic treatment at the time of death are listed for all brain donors (table 1). The cases were well matched and showed no statistically significant group differences in any of the demographic categories. Moreover, there was no apparent effect of PMI, sex, or drug treatment on any of the biochemical measures described here. Effects of age (<70 years) were similar in both groups and were adjusted for in ANCOVA models comparing the groups.
Kynurenic Acid
Mean KYNA concentrations in control tissue in BA 9 and BA 10 were 1.7 6 0.2 and 2.2 6 0.2 pmol/mg protein, respectively (mean 6 standard error of the mean [SEM]).
As illustrated in figure 2 using individual data points, average KYNA values in individuals with SZ were elevated compared with controls (by 46.8% and 83.4%, respectively), with the difference approaching significance in BA 9 [t(27) = 1.98, P = .058] and attaining significance in BA 10 [t(28) = 2.73, P = .011].
Enzyme Activities KMO. Control KMO activities in BA 9 and BA 10 were 25.7 6 2.9 and 28.9 6 3.3 pmol/hour/mg protein, respectively (mean 6 SEM). Compared with controls, enzyme activity in SZ patients was reduced by 36.0% [t(27) = 2.62, P = .014] and 38.3% [t(28) = 2.55, P = .017], respectively, in these brain areas ( figure 3A) . Kinetic analyses, obtained from single tissue preparations using equal aliquots from five control and five SZ brain homogenates, indicated that the reductions in enzyme activity in SZ in both BA 9 (figure 3B) and BA10 (figure 3C) appeared to be a reflection of decreased v max values rather than changes in substrate affinity (BA 9-control: v max = 2.1 pmol/hour/mg tissue, K m = 37.1lM; SZ: v max = 1.7 pmol/hour/mg tissue, K m = 49.7lM; BA 10-control: v max = 4.6 pmol/hour/mg tissue, K m = 73.6lM; SZ: v max = 1.3 pmol/hour/mg tissue, K m = 30.8lM).
3-HAO.
Control 3-HAO activities in BA 9 and BA 10 were 297.9 6 53.8 and 127.7 6 33.6 pmol/hour/mg protein, respectively (mean 6 SEM). Compared with controls, decreases in enzyme activity were observed in SZ patients in both BA 9 and BA 10 (figure 4). This reduction was statistically significant in BA 9 [t(27) = 2.76, P = .01] but not in BA 10 [t(27)=0.85, P = .40].
Kynureninase, QPRT, and KAT II. Control activities for kynureninase, QPRT, and KAT II in BA 9 and BA 10 were 86.1 6 14.3 and 55.3 6 10.3 pmol/hour/mg protein, 66.8 6 9.6 and 63.5 6 10.0 fmol/hour/mg protein, and 0.21 6 0.02 and 0.16 6 0.02 pmol/hour/mg protein, respectively (means 6 SEM). None of these enzyme activities showed differences between controls and SZ patients in BA 9 and BA 10 (minimum P > .22; figures 5A-C).
Chronic Risperidone Treatment in Rats
In order to control for possible effects of antipsychotic medication, the tissue levels of KYNA and the activities of the two KP enzymes that had shown significant changes in SZ (KMO and 3-HAO) were determined in the frontal cortex of rats that had been treated for 28 days with risperidone or vehicle (n = 8 per group). Control levels of KYNA were 181.3 6 59.5 fmol/mg protein, and control enzyme activities were 13.2 6 3.7 (KMO) and 198.0 6 15.6 (3-HAO) pmol/hour/mg protein, respectively (mean 6 SEM). Neither KYNA levels [t(14) = 0.33, P = .74] nor KMO [t(14) = 0.81, P = .43] or 3-HAO [t(14) = 0.14, P = .89] activity differed significantly between risperidone-and vehicle-treated animals (figure 6). 
Discussion
The present study, which was designed to explore mechanisms underlying the increase in brain KYNA levels in the PFC of individuals with SZ, revealed distinct abnormalities in KP enzymes in both cortical regions studied, ie, BA 9 and BA 10. These changes in SZ, which were not related to demographics, were restricted to enzymes in the main branch of the KP, whereas the activity of KAT II, in the side arm of the pathway, was in the normal range. Moreover, both the patients' medication history and complementary studies in chronically risperidonetreated rats indicated that the results of our study were not affected by antipsychotic drug use. Our data therefore provide insights into the pathophysiology of SZ and also suggest new treatment strategies.
The tryptophan metabolite kynurenine occupies a central position in the KP (figure 1). In the brain, kynurenine gives rise to two physically segregated branches of the pathway, producing 3-hydroxykynurenine and its downstream metabolites 3-hydroxyanthranilic acid and quinolinic acid in microglial cells and KYNA in astrocytes (cf Introduction). 23 Excessive formation of the three microglial compounds, which are neurotoxins and generators of highly reactive free radicals, may play significant roles in brain pathology. [33] [34] [35] [36] [37] Astrocyte-derived KYNA, in contrast, has neuroprotective properties due to its ability to block neuronal excitation and scavenge free radicals. [37] [38] [39] Of the enzymes that use kynurenine as a substrate, KMO is the most specific and has the lowest K m , and is therefore rate limiting. Reduced KMO activity will decrease the flux of the KP toward quinolinic acid and might therefore indirectly provide a degree of neuroprotection. We have previously proposed that this can be exploited for the treatment of Huntington's disease and other neurodegenerative disorders by cautiously targeting KMO with specific enzyme inhibitors. 40 The present study revealed a significant decrease in KMO activity in the PFC of individuals with SZ. This reduction, which was tentatively linked to a lower v max rather than to a K m change, was not accompanied by a decrease in the activity of kynureninase, the next enzyme in the metabolic cascade. On the contrary, kynureninase activity in SZ tended to be higher than in controls, though the difference did not attain statistical significance in either of the two prefrontal regions studied. It therefore appears that the observed reduction in KMO activity is not a reflection of a generalized microglial abnormality, which has been invoked to play a significant role in SZ and interpreted as an indication of a compromised immune system in the disease. [41] [42] [43] [44] [45] In light of recent studies, it is more likely that the impairment of KMO activity in SZ is selective, possibly due to functional sequence variants in the KMO gene. 46, 47 The activity of 3-HAO, which catalyzes the formation of the NMDA receptor agonist quinolinic acid from 3-hydroxyanthranilic acid, was found to be reduced in BA 9, ie, the dorsolateral subdivision of the PFC that is preferentially involved in sustaining attention and working memory. 48 A tendency toward lower 3-HAO activity was also observed in BA 10, though the results were not statistically significant. Decreased 3-HAO activity might account for the elevation in the tissue levels of 3-hydroxyanthranilic acid in SZ, which was recently demonstrated in the anterior cingulate cortex 49 and might affect the redox status of neurons and glial cells in the area (see above). In addition, reduced 3-HAO activity will translate into lower quinolinic acid formation and may thus possibly contribute to NMDA receptor hypofunction.
No disease-related changes were seen in the activity of the next enzyme in the cascade, QPRT, in either region of the PFC. This further supports the notion that distinct, rather than generalized, KP impairments exist in the brain of patients with SZ. Studies currently in progress in our laboratory are designed to elucidate the genetic underpinnings and molecular mechanisms of the discrete anomalies in KP metabolism reported here. In particular, we are investigating the possible role of cosubstrates, cofactors, and regulators of the two impaired oxygenases, ie, KMO and 3-HAO, such as molecular oxygen, metal ions, and the endogenous anti-oxidant glutathione, 50, 51 all of which are established risk factors in SZ (see Brown and Susser 52 and Do et al 53 for recent reviews). The question then arises whether and how specific impairments in KP enzymes might account for the significant increases in prefrontal KYNA levels in SZ, which were originally described in 2001. 22 The most parsimonious explanation would be that a reduction in KMO activity eventually triggers a shift in cerebral KP metabolism toward enhanced KYNA formation in SZ. As demonstrated in a recent in vivo study in rats, such a redirection of KP metabolism toward increased KYNA synthesis does not occur in the normal brain when KMO activity is acutely reduced by pharmacological means. 54 However, KYNA production is indeed enhanced under these conditions when the experiment is performed in injured brain tissue where glial functions are abnormal. 54 This mechanism may therefore also operate in SZ, where microglial and astrocytic anomalies in the PFC have been repeatedly described (see above). 42, [55] [56] [57] Moreover, it is quite conceivable that prolonged downregulation of KMO, as opposed to the effects of acute enzyme inhibition studied by Amori et al, 54 will eventually favor KYNA synthesis over the synthesis of 3-hydroxykynurenine.
The dynamics of the pivotal metabolite kynurenine deserve special consideration in a discussion of possible functional interactions between the two KP branches in the brain of individuals with SZ. Postmortem analysis reveals that kynurenine levels are elevated in the PFC of patients, and this increase is correlated with KYNA levels in the same tissue. 22 The explanation for this nexus seems unambiguous because the high K m of KAT II and all other cerebral kynurenine aminotransferases allows for a proportional increase in KYNA formation when kynurenine levels rise. 58 The cause of increased kynurenine levels in the brain of SZ patients is less clear. This elevation, which is also seen in the cerebrospinal fluid 59 and must therefore include changes in the extracellular milieu, may be directly related to reduced KMO activity, ie, to an accumulation of the enzyme's substrate. Alternatively or quite possibly in addition, kynurenine levels in the SZ brain might be elevated due to increased activity of the biosynthetic enzymes tryptophan 2,3-dioxygenase 60 or indoleamine-2,3-dioxygenase. 43 Notably, these two enzymes, like the entire cerebral KP pathway, are preferentially localized in glial cells, 23, [60] [61] [62] and newly produced kynurenine is readily liberated into the extracellular compartment. 63 Irrespective of the underlying enzymatic and cellular mechanism(s), there are reasons to assume that the observed increase in prefrontal KYNA levels plays a role in the pathophysiology of SZ. 22, 64 Within the PFC, astrocyte-derived KYNA controls the levels of acetylcholine and glutamate 14, 15, 20 by initially targeting and thus reducing the activity of a7nAChRs.
12 Thus, increased KYNA levels trigger or exacerbate the nicotinergic and glutamatergic deficits, which have been credibly linked to both cognitive dysfunctions and psychotic manifestations in humans (cf Introduction). [1] [2] [3] 65, 66 The demonstration of distinct impairments in cerebral KP metabolism in SZ, which are also observed in the basal ganglia, 67 raises the prospect that more than one KP enzyme could be targeted to provide clinical benefits in the disease. This idea, which is an extension of our recently proposed strategy to use selective KAT II inhibitors as cognition enhancers in SZ, 68 includes interventions that are aimed specifically at normalizing KMO and 3-HAO activity in the brain of patients. We are currently testing this concept in relevant animal models of SZ.
Funding
This study was in part supported by United States Public Health Service grants (HD16596, MH83729, MH-K12RR023250).
